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In Vivo Analysis of Drosophila bicoid mRNA
Localization Reveals a Novel Microtubule-Dependent
Axis Specification Pathway
dorsally located oocyte nucleus and the cortex (Neu-
man-Silberberg and Schu¨pbach, 1993,1996).
Inhibitor studies, genetic analyses, and cytological
observations provide compelling evidence that microtu-
bules play an essential role in the localization of anterior
Byeong-Jik Cha, Birgit S. Koppetsch,
and William E. Theurkauf1
Program in Molecular Medicine
University of Massachusetts Medical School
373 Plantation Street
Worcester, Massachusetts 01605 and posterior determinants within the Drosophila oocyte
(Clark et al., 1994; Pokrywka, 1995; Pokrywka and Ste-
phenson, 1991,1995; Theurkauf et al., 1992). These
Summary studies suggest a simple model in which microtubules
are nucleated at the anterior cortex of the oocyte and
Drosophila bicoid mRNA is synthesized in the nurse extend to the posterior pole. In this model, key regulatory
cells and transported to the oocyte where microtu- mRNAs and proteins associate with plus end- or minus
bules and Exuperantia protein mediate localization to end-directed microtubule motor proteins and translo-
the anterior pole. Fluorescent bicoid mRNA injected cate directly to the appropriate pole (Clark et al., 1994;
into the oocyte displays nonpolar microtubule-depen- Cooley and Theurkauf, 1994; Gonzalez-Reyes et al.,
dent transport to the closest cortical surface, and the 1995; Hays and Karess, 2000; Theurkauf et al., 1992).
oocyte microtubule cytoskeleton lacks clear axial While this model is appealing, the transport processes
asymmetry. Nonetheless, bicoid mRNA injected into that lead to asymmetric protein and RNA localization
the nurse cell cytoplasm, withdrawn, and injected into within the oocyte have not been directly analyzed, and
a second oocyte shows microtubule-dependent trans- the polarity of the oocyte microtubule cytoskeleton has
port to the anterior cortex. Nurse cells require microtu- not been rigorously determined. Furthermore, direct cy-
bules and Exuperantia to support anterior transport tological analyses fail to reveal the predicted highly po-
of bicoid mRNA, and microtubules are required for larized microtubule scaffold. Instead, most of the oocyte
bicoid mRNA-Exuperantia particle coassembly. We cortex appears to organize microtubules, with only mod-
propose that microtubule-dependent Exuperantia- est anterior to posterior gradient in cortical microtubule
bicoid mRNA complex formation in the nurse cell cyto-
concentration (Theurkauf et al., 1992). To directly exam-
plasm allows anterior-specific transport on a grossly
ine the microtubule-dependent transport processes that
nonpolar oocyte microtubule network.
lead to anterior axis specification, we have developed
an in vivo assay that allows direct analysis of fluorescentIntroduction
bcd mRNA movement within the oocyte-nurse cell com-
plex. We show that bcd mRNA injected directly into theIn Drosophila, the embryonic axes are specified through
oocyte displays nonpolar microtubule-mediated trans-asymmetric localization of regulatory proteins and RNAs
port to the nearest cortical surface. We have also em-within the developing oocyte. These asymmetrically
ployed improved immunocytochemical labeling tech-placed factors provide the positional information that
niques to analyze microtubule organization within thedifferentiates anterior, posterior, dorsal, ventral, and ter-
oocyte. These studies confirm that the oocyte microtu-minal structures within the embryo (reviewed in Lasko,
bule cytoskeleton, as revealed by probes for total tubulin1999). Most of these patterning factors are synthesized
polymer, is not highly polarized along the anterior-poste-in a cluster of 15 nurse cells and then transferred to the
rior axis.oocyte through cytoplasmic bridges called ring canals
In striking contrast to bcd mRNA injected directly into(Spradling, 1993). bicoid (bcd) mRNA encodes the pri-
the oocyte, bcd mRNA injected into the nurse cell cyto-mary anterior morphogen, and on entering the oocyte,
plasm, withdrawn, and then reinjected into the oocytethis transcript is localized to the anterior pole (Berleth
displays efficient microtubule-dependent transport spe-et al., 1988; St. Johnston et al., 1989). oskar (osk) mRNA
cifically to the anterior pole. Furthermore, we show thatand the Staufen and Vasa proteins, which are required
Exu protein and bcd mRNA coassemble into particlesfor posterior patterning and assembly of the pole plasm
in the nurse cell cytoplasm, and that microtubules are(the germline determinant), accumulate at the posterior
required to form these protein-mRNA complexes. Fi-cortex (Ephrussi et al., 1991; Hay et al., 1990; Kim-Ha
nally, using this transfer assay, we show that the nurseet al., 1991; St. Johnston et al., 1991). gurken (grk) mRNA
cells must contain Exu protein and an intact microtubuleplays an essential role in both posterior and dorsoventral
cytoskeleton to support assembly of complexes thataxis specification (Gonzalez-Reyes et al., 1995; Roth et
will display specific anterior localization following intro-al., 1995). In contrast to the majority of other pattering
duction into the oocyte. Based on these observations,factors, grk mRNA appears to be synthesized in the
oocyte nucleus, and grk transcript localization mirrors we propose that the oocyte contains a polar microtu-
the position of the oocyte nucleus (Neuman-Silberberg bule-dependent transport system that operates within
and Schu¨pbach, 1993). This message is initially localized a grossly nonpolar microtubule network, and that micro-
to the posterior pole and later accumulates between the tubule-dependent assembly of an Exu-bcd mRNA com-
plex in the nurse cells is essential to utilization of this
polar transport system.1 Correspondence: william.theurkauf@umassmed.edu
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Results vivo data, however, suggests that the injected RNA is
transported by the endogenous localization machinery.
To determine if anterior localization of fluorescent bcdTransport and Anterior Localization of bicoid
mRNA requires passage through the nurse cell nuclei,mRNA in Living Egg Chambers
fluorescent transcript was injected into the nurse cellDuring oogenesis stages 9 and 10, bcd mRNA is synthe-
cytoplasm (Figure 1b). RNA injected into the nurse cellsized in a cluster of 15 nurse cells that are linked to
cytoplasm immediately assembled into particles thateach other and to the oocyte by cytoplasmic bridges
initiated rapid movements, accumulated at the ring ca-called ring canals. Following nuclear export, bcd mRNA
nal junctions (arrowheads in Figure 1b, 280 s), passedis transported through the nurse cell cytoplasm to the
through these junctions, and localized specifically toring canals, passes through the ring canal junctions into
the anterior pole of the oocyte (arrows in Figure 1b,the oocyte, and then localizes to the anterior pole of
280–1010 s). This localization assay was remarkably ro-the oocyte. To image this complex transport process,
bust, with specific anterior accumulation of injected bcdfluorescently labeled full-length bcd mRNA was injected
mRNA observed in 97% of injected egg chambers (57/into stage 9 nurse cell nuclei and subsequent behavior
59 egg chambers). We found no evidence for transientwas analyzed by time-lapse confocal microscopy (see
passage of the injected mRNA into the nurse cell nuclei.Experimental Procedures). In these studies, fluorescent
All of the factors required for anterior localization of bcdmRNA signal in the injected nucleus gradually declined
mRNA thus appear to be present within the nurse cellas particles (0.5–1 m diameter) assembled in the nurse
cytoplasm.cell cytoplasm (Figure 1a). Within 60 s of injection, parti-
In these experiments, we often found that a significantcles were observed at the ring canals linking the nurse
fraction of the injected RNA was not subsequently trans-cells to the oocyte (arrowheads in Figure 1a) and nurse
ported to the oocyte (Figure 1b). This is in contrast tocells to adjacent nurse cells (not shown; see below).
mRNA behavior following nuclear injection (Figure 1a).Particles at the nurse cell-oocyte ring canals subse-
We speculate that bcd mRNA transcription or exportquently passed through these junctions. On entering the
from the nurse cell nuclei is normally a rate-limiting stepoocyte, most particles moved out of the plane of the
in the anterior localization pathway, and that injectionconfocal section and could not be followed. However,
of relatively high levels of fluorescent mRNA directly intofluorescent signal increased in a very tight band along
the cytoplasm saturates a component of the localizationthe anterior cortical region throughout the recording,
machinery. However, injection into the nurse cell cyto-and specific fluorescent signal in other regions of the
plasm was consistently followed by efficient transportoocyte was not observed. In addition, a subset of parti-
and anterior localization of at least a fraction of thecles remained in a single focal plane as they entered the
mRNA.oocyte and immediately moved to the adjacent anterior
Anterior localization of bcd mRNA requires a regioncortex. Most particles entering the oocyte thus appear
of the 3UTR termed the bicoid localization element 1to specifically localize to the anterior pole (arrows in
(BLE1) (Macdonald et al., 1993). On injection into theFigure 1a, 550–1800 s).
nurse cells, bcd mRNA carrying a deletion that removesIn these initial studies, loss of fluorescent signal from
BLE1 formed particles that showed rapid movementthe injected nucleus correlated with increased signal at
within the nurse cell cytoplasm (Figure 1c). Some ofthe anterior cortex, and very little mRNA accumulated
these particles also passed through the ring canals intoin the nurse cell cytoplasm or ooplasm (Figure 1a). Fluo-
the oocyte. However, accumulation at the ring canalsrescent in situ hybridization (FISH) analysis also revealed
and passage through these junctions was very ineffi-tight anterior localization of endogenous bcd mRNA,
cient, and specific anterior localization within the oocytewith very little endogenous mRNA in the nurse cell cyto-
was never observed (0/15 injections, Figure 1c). Further-plasm (Figure 2c). The distribution of the endogenous
more, preliminary studies indicate that a 50-nucleotide
mRNA determined by FISH is therefore strikingly similar
deletion that specifically removes BLE1 (14, Macdon-
to that of the injected mRNA (compare Figures 2a and
ald et al., 1993) blocks anterior localization in this in vivo
2b). Conventional chromogenic in situ hybridization pro- assay (B.-J.C. and W.E.T., unpublished observations).
cedures sometimes show apical patches of bcd RNA in By contrast, bcd mRNA with an intact BLE1, but carrying
the nurse cells (St. Johnston et al., 1989). However, we a deletion that removes the hexanucleotide polyadenyl-
do not observe these patches by FISH, and they are not ation signal, formed particles that efficiently moved
present in numerous published examples of bcd mRNA through the ring canals and localized to the anterior pole
localization (Berleth et al., 1988; Pokrywka and Stephen- of the oocyte (93%, 14/15 injections; data not shown).
son, 1991; Brendza et al., 2000; Schnorrer et al., 2000). Sequences within the 3UTR essential to localization
We find that the fixation procedure used for conventional of endogenous bcd mRNA are therefore required for
in situ hybridization does not preserve actin filament or transcript localization in this time-lapse assay (Macdon-
microtubule organization within the egg chambers, while ald et al., 1993). Additional analyses of more refined
the fixation procedure employed in our FISH studies deletions are underway, and should help define func-
preserves these cytoskeletal elements (B.-J.C. and tional subregions of the bcd 3UTR.
W.E.T., unpublished observation). The apical localiza- To further test the specificity of the anterior localiza-
tion of bcd mRNA in the nurse cells may therefore reflect tion process, fluorescent mRNAs encoding the E2F1
disruption of cell architecture during fixation, or arise and DP subunits of the E2F transcription factor (Duronio
through excessive signal amplification by the enzymatic et al., 1995) were injected into nurse cells. FISH analysis
reaction used in conventional in situ hybridization proce- demonstrated that endogenous E2F1 and DP transcripts
are evenly distributed in the nurse cells and oocyte (datadures. The similarity of our FISH analyses and the in
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Figure 1. bcd RNA Injected into Nurse Cells Is Transported Specifically to the Anterior Margin of the Oocyte
(a) Fluorescein-conjugated bcd mRNA (0.5 mg/ml) was injected into a nurse cell nucleus (NN) of a stage 9 egg chamber, and mRNA redistribution
was assayed by time-lapse confocal microscopy. By 10 s after the onset of the recording (approximately 60 s after injection), fluorescent
particles were already present at the nurse cell-oocyte ring canal (RC) junction (arrowheads). By 550 s, fluorescent signal was observed in a
tight band at the anterior cortex of the oocyte (OO) (arrow, 550 s). Anterior cortical fluorescence increased as signal in the nucleus decreased
(arrow, 550 s–1800 s).
(b) Fluorescent bcd mRNA injected directly into the nurse cell cytoplasm (NC) also formed distinct particles and accumulated at the oocyte
anterior. Particles were observed immediately after injection (10 s). These particles ranged from 0.5–1 m in diameter and moved at rates of
1–2 m/s. Particles accumulated near the nurse cell-nurse cell and nurse cell-oocyte ring canals (arrowheads, 280 s), and passed through
the nurse cell-oocyte ring canals (RC). During the course of the recording, fluorescent signal progressively increased in a very specific region
of the anterior cortex of the oocyte (arrows, 280 s–1010 s).
(c) A 3 deleted form of bcd RNA, lacking BLE1, formed particles that exhibited rapid movement within the nurse cells. However, these particles
did not efficiently accumulate at the ring canals or pass through these junctions, and the RNA entering the oocyte failed to localize to the
anterior pole.
(d) DP mRNA, which is not normally localized within egg chambers, formed particles that did not show rapid movement or transport to the
oocyte, and dispersed throughout the cytoplasm. The first and the last panels in (a) through (d) are composites with fluorescent RNA in green
and differential interference contrast (DIC) images showing egg chamber structure in red. NN, nurse cell nucleus; OO, oocyte. The dash lines
delineate the anterior margin of the oocyte, which abuts the nurse cells. QuickTime movies of this time-lapse data can be obtained on the
Cell website http://www.cell.com/cgi/content/full/106/1/35/DC1. Bars are 25 m in (a) and (b) and 20 m in (c) and (d).
not shown). Upon injection into the nurse cells, these the oocyte. However, during the relatively short course
of our experiments (generally 30 to 45 min), thesetranscripts either dispersed without forming particles or
moving to the oocyte, or formed a few large particles mRNAs did not localize to the posterior pole (not shown).
We speculate that posterior localization of these mRNAsthat did not show rapid cytoplasmic movement or trans-
port to the oocyte (DP mRNA particles shown in Figure is significantly slower than anterior localization of bcd
mRNA. These studies indicate that transport to the oo-1d; 13/13 injections). By contrast, Cyclin B and osk
mRNA, which are normally transported to the oocyte cyte and subsequent localization to the anterior pole
are specific to bcd mRNA.and localize to the posterior pole, formed particles within
the nurse cells and passed through the ring canals to Anterior localization of endogenous bcd mRNA is dis-
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Figure 2. Injected and Endogenous bcd RNA Localize to Similar Regions of the Oocyte Cortex
(a) A single optical section of an egg chamber following fluorescent bcd mRNA injection into a nurse cell. The injected mRNA has moved to
the oocyte and is localized to a very restricted region of the anterior cortex (arrow).
(b) Anterior localization of endogenous bcd RNA revealed by FISH (arrow). The endogenous and microinjected mRNA localize to very similar
regions of the anterior cortex (compare [a] and [b]).
(c) A projection of serial optical sections through a stage 9 egg chamber reveals high levels of bcd mRNA at the anterior marginal cortex and
lower levels dispersed over the remainder of the cortex. nc, nurse cell; oo, oocyte; fc, follicle cells; AM, anterior margin; P, posterior. Bars
are 20 m in (a) and (b) and 50 m in (c).
rupted by microtubule depolymerization. When full- movement (285–295 s post-UV, Figure 3b) and transport
to the anterior pole of the oocyte (large arrowheads inlength bcd mRNA was mixed with the microtubule depo-
lymerizing drug colcemid and injected into nurse cells, Figure 3b). Cytoplasmic movement and anterior localiza-
tion of injected bcd mRNA are therefore microtubulethe injected mRNA formed particles that initially dis-
played rapid cytoplasmic movements. However, essen- dependent. The rate of these microtubule-dependent
particle movements (1.51 0.45m/s, n 62) is consis-tially all movement ceased by 390–400 s, and anterior
localization within the oocyte was blocked (Figure 3a). tent with a role for the microtubule motor cytoplasmic
dynein (Paschal et al., 1987; Paschal and Vallee, 1987).Colcemid can be inactivated by UV light, and brief UV
illumination of the colcemid-injected egg chambers trig- In the above coinjection experiments, bcd mRNA par-
ticle formation took place as microtubule depolymeriza-gered immediate resumption of rapid bcd mRNA particle
Figure 3. Rapid Transport of bcd RNA Particles Depends on Microtubules
The microtubule-depolymerizing drug colcemid (50 g/ml) was coinjected with bcd mRNA into the nurse cell of a stage 9 egg chamber. (a)
Images taken 390 and 400 s after injection are shown in red and green, respectively. In the merged image of these two time points, bcd RNA
particles appear yellow due to superimposition of signal, indicating an absence of movement over the 10 s interval (arrows). (b) The colcemid
was then inactivated by brief UV irradiation, and images were taken 285 and 295 s after UV exposure. In the merged image, numerous particles
are in red (arrows) or green (arrowheads), indicating that they have moved during the 10 s interval. Rapid particle movements are therefore
reversibly inhibited by microtubule depolymerization. bcd RNA particles were subsequently transported to the anterior cortex of the oocyte
(large arrowheads). QuickTime movies of this time lapse data can be obtained on the Cell website at http://www.cell.com/cgi/content/full/
106/1/35/DC1. Bar is 20 m.
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tion proceeded. The depolymerizing microtubules, or a control egg chambers, however, GFP-Exu did not local-
ize to the RNA particles in these colcemid-treated eggsubpopulation of colcemid-stable microtubules, could
have mediated bcd RNA particle assembly. To test this chambers (Figure 4c, pre-UV, arrows in GFP-Exu). Fol-
lowing colcemid inactivation by UV irradiation, however,possibility, bcd mRNA was injected into egg chambers
isolated from flies that were fed colcemid for 8–10 hr. GFP-Exu was rapidly recruited to the pre-assembled
bcd mRNA particles (Figure 4c, post-UV, arrowheads inThese egg chambers lacked immunocytologically de-
tectable microtubules within the germline (Theurkauf et GFP-Exu). bcd mRNA is therefore able to form cyto-
plasmic particles in the absence of microtubules, butal., 1992). Nonetheless, efficient bcd RNA particle as-
sembly was observed (see Figure 4c). However, the par- microtubules are required to recruit GFP-Exu to these
particles. The requirement for microtubules in Exu-bcdticles did not show significant movement or accumulate
at the anterior of the oocyte (data not shown). Therefore, mRNA coassembly could explain why biochemically pu-
rified Exu protein complexes, isolated under microtu-bcd mRNA particle assembly is microtubule-indepen-
dent, while cytoplasmic movement and specific anterior bule depolymerizing conditions, do not contain bcd
mRNA (Wilhelm et al., 2000).localization require an intact microtubule cytoskeleton.
The swallow (swa) and staufen (stau) gene products
are not required for initial bcd mRNA localization toExu Is Required for an Oocyte-Specific Step
the anterior pole, but function to maintain bcd mRNAin bcd mRNA Localization
localization during later stages of oogenesis (Chao etThe initial anterior localization of endogenous bcd
al., 1991; St. Johnston et al., 1989). Consistent with thesemRNA requires the exuperantia (exu) gene (Berleth et
earlier observations, bcd mRNA microinjected into swaal., 1988; Marcey et al., 1991). When full-length bcd
and stau mutant egg chambers assembled into particlesmRNA was injected into exu mutants, particles formed
that moved through the ring canals and localized nor-within the nurse cell cytoplasm and moved through the
mally to the anterior pole of the oocyte (data not shown).ring canals to the oocyte (arrows in Figure 4a, 600 s).
We conclude that these genes, in contrast to exu, areThe rate of particle movement, accumulation at the ring
not required for bcd mRNA transport and initial anteriorcanals, and passage through the ring canal junctions
localization within the oocyte.was similar to wild-type. However, bcd mRNA entering
the oocyte clustered near the ring canals and eventually
appeared to break up and disperse throughout the A Nonpolar Microtubule Transport System
in Oocyteooplasm (Figure 4a, 1000 s). Two different alleles of exu
were examined in homozygous and trans-heterozygous Prevailing models postulate that a highly polarized mi-
crotubule network restricts bcd mRNA to the anteriorcombinations. In all of these genetic backgrounds, es-
sentially identical defects in bcd RNA localization were pole of the oocyte (Clark et al., 1994; Cooley and Theur-
kauf, 1994; Gonzalez-Reyes et al., 1995; Hays and Kar-observed (data not shown). Furthermore, anterior local-
ization of injected mRNA was restored in egg chambers ess, 2000; Theurkauf et al., 1992). To begin to test this
model, fluorescent bcd mRNA was injected into the oo-mutant for exu that also expressed a functional GFP-
Exu transgene (exuSco2/exuSco2; P[Cas, NGE]3/). The ob- cyte and localization was assayed by time-lapse confo-
cal microscopy (Figure 5). When bcd RNA was injectedserved oocyte-specific localization defects are therefore
due to loss of exu gene function. These observations near the anterior pole, specific localization to the anterior
cortex was generally observed (Figures 5a–a, 9 of 11indicate that Exu is essential to bcd localization to the
anterior cortex of the oocyte, but is not required for experiments). In other instances, the injected mRNA lo-
calized to anterior and lateral cortical regions (2 of 11transport within the nurse cells or for transport to the
oocyte. experiments, data not shown). However, when transcript
was deposited in the center of the oocyte, the transcriptbcd mRNA and Exu protein assemble into particles
in the nurse cells and localize to the anterior pole of the generally moved uniformly outward and localized to lat-
eral and anterior cortical regions (26 of 30 experiments,oocyte, but biochemically purified Exu complexes do
not contain bcd mRNA (Wilhelm et al., 2000). To deter- Figures 5b–b). In a minority of cases, the injected mRNA
moved exclusively to anterior (3 of 30 injection) or lateralmine if bcd mRNA and Exu coassemble into transport
particles in vivo, egg chambers expressing a GFP-Exu cortical regions (1 of 30 injections). When bcd RNA was
injected near the posterior pole, we consistently ob-fusion protein (Wang and Hazelrigg, 1994) were injected
with bcd RNA labeled with AlexaFluor 546-UTP, and the served efficient movement to lateral cortical regions,
with no detectable accumulation at the anterior cortexprotein and RNA were imaged simultaneously. Particles
containing both bcd RNA and GFP-Exu were observed (7 of 7 injections, Figures 5c–c). In addition, the injected
mRNA never localized to the posterior pole, regardlesswithin 15 s of injection (Figure 4b), indicating that bcd
mRNA and Exu protein are present in the same large of injection site. bcd mRNA injected into stage 9–10a
oocytes therefore consistently showed efficient move-cytoplasmic complexes. By contrast, AlexaFluor 546-
UTP labeled DP, E2F1, and osk mRNAs did not colocal- ment to the nearest cortical surface, with the exception
of the extreme posterior pole.ize with GFP-Exu particles (data not shown).
To determine if microtubules are required for coas- To determine if the lack of anterior-specific localiza-
tion was due to saturation of anterior transport capacity,sembly of GFP-Exu and bcd mRNA, fluorescent bcd
mRNA was injected into GFP-Exu-expressing egg bcd RNA was diluted 10-fold prior to injection (0.05 mg/
ml final concentration). mRNA at lower concentrationschambers that had been treated with colcemid. As
shown in Figure 4c (arrows), the injected mRNA assem- could not be analyzed because the resulting signal was
too weak to reliably follow. At this lower concentration,bled into particles shortly after injection. In contrast to
Cell
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Figure 4. Exu Is Required for an Oocyte-Specific Step in bcd mRNA Localization and Coassembles with bcd mRNA In Vivo
(a) Full-length bcd mRNA was injected into the nurse cell cytoplasm of a stage 9 egg chamber isolated from a homozygous exuVL female. The
injected bcd RNA formed particles that were rapidly transported to the oocyte (arrows). However, after passing through the ring canal, the
bcd RNA particles dispersed throughout the ooplasm without any detectable accumulation at the anterior cortex. At similar times, anterior
localization of bcd RNA is readily detectable in wild-type egg chambers (1000 s after injection). (b) bcd RNA labeled with AlexaFluor 546-14-
UTP (red in merged image) was injected into the nurse cell of a stage 9 egg chamber expressing GFP-Exu (green). Numerous bcd RNA
particles colocalize with GFP-Exu particles (arrows).
(b) Flies expressing GFP-Exu were fed yeast paste containing 50 g/ml of colcemid for 8–10 hr to depolymerize microtubules within the egg
chambers. Pre-UV: bcd RNA injected into the nurse cell cytoplasm of egg chambers isolated from these flies formed particles (arrows, bcd
mRNA panel), but these particles did not show detectable levels of GFP-Exu (arrows, GFP-Exu panel). The particles also remained clustered
near the injection site, presumably due to the lack of microtubule-dependent movement. Post-UV: Shortly after inactivation of colcemid by
UV irradiation, bcd RNA particles had dispersed and acquired GFP-Exu (Merged, arrowheads). NN, nurse cell nucleus; OO, oocyte. QuickTime
movies of this time-lapse data can be obtained through the Cell website (http://www.cell.com/cgi/content/full/106/1/35/DC1). Bars are 20 m.
the injected mRNA consistently moved to the nearest mine if nonpolar RNA transport within the oocyte re-
quires the bcd mRNA anterior localization machinery.cortical surface. In the example shown in Figure 5c, the
more dilute mRNA was injected near the posterior pole. On injection into stage 9 oocytes, fluorescent derivatives
of bcd mRNA lacking BLE1 dispersed and showed noEfficient movement to the lateral cortex, with no move-
ment to the anterior pole, was observed. We therefore cortical localization. Similarly, full-length E2F1, DP, osk,
and Cyclin B mRNAs failed to localize to the oocyteconclude that nonpolar cortical localization of bcd
mRNA in this assay is not the result of saturation of a cortex, and dispersed throughout the ooplasm (data not
shown). By contrast, bcd mRNAs with an intact BLE1 butspecific anterior localization system.
We next performed a series of experiments to deter- lacking the hexanucleotide polyadenylation site were
Microtubule-Dependent Axis Specification
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Figure 5. bcd RNA Injected Directly into the
Oocyte Shows Nonpolar Transport to the
Nearest Cortical Surface
(a–a) Fluorescently labeled full-length bcd
RNA was injected directly into the anterior
cytoplasm of a stage 9 wild-type oocyte (0 s).
The injected transcript formed particles that
were rapidly transported to the anterior cor-
tex (arrows) (1250 s).
(b–b) bcd RNA was injected into the center
of a wild-type oocyte (0 s). bcd RNA particles
were transported to the closest lateral (arrow-
head) and anterior (arrow) cortical regions
(1160 s).
(c–c) Ten-fold diluted bcd RNA (0.05 mg/ml)
was injected into the posterior cytoplasm of
a wild-type oocyte (0 s). The injected bcd RNA
localized to the lateral cortical regions (arrow-
heads) without detectable localization to ei-
ther the anterior or the posterior cortex (1230
s). Coinjection of RNA and microtubule as-
sembly inhibitors block all cortical movement
(not shown). All panels show composite im-
ages with RNA in green and DIC in red. All
oocytes are oriented with the anterior pole
left, and the posterior cortex is marked with
as asterisk. QuickTime movies of this time-
lapse data can be obtained on the Cell web-
site at http://www.cell.com/cgi/content/full/
106/1/35/DC1. Bars are 50 m.
efficiently transported to the nearest cortical surface imaging procedure (Figure 6; see Experimental Proce-
dures). In the resulting high-resolution images, some(data not shown). Nonpolar cortical localization of bcd
mRNA was blocked by mutations in exu, and was revers- enrichment in microtubule polymer is observed near the
ibly inhibited by microtubule depolymerization with col- anterior margins of stage 9 and 10a oocytes (AM in
cemid (data not shown). Finally, cortical localization of Figure 6a). However, microtubule ends are found in close
full-length bcd mRNA was not disrupted by swa or stau association with essentially all cortical regions (arrows
mutations (data not shown). Nonpolar microtubule- in Figure 6b). In addition, microtubules within the interior
dependent bcd mRNA localization in the oocyte thus of the oocytes are not oriented along the anterior-poste-
depends on previously characterized components of the rior axis. In these studies, only the posterior pole ap-
bcd mRNA anterior localization machinery. However, peared to be deficient in cortical microtubules, with very
when bcd transcript is introduced directly into the oo- few microtubules making end-on contact in this region
cyte and passage though the nurse cells is bypassed, (P, Figure 6a). Individual microtubules are observed near
this cortical transport machinery is not sufficiently asym- the posterior pole, indicating that the absence of high
metric to define the anterior pole. cortical microtubule density is not due to a lack of sensi-
tivity. Similar microtubule organization is observed in
living oocytes expressing GFP-tubulin (Figures 6c andBulk Oocyte Microtubules Lack Clear
6d; Grieder et al., 2000), and in oocytes injected withAnterior-Posterior Asymmetry
rhodamine-tubulin (see Theurkauf, 1994b). These cyto-In light of the nonpolar transport of bcd mRNA described
logical techniques label the basic tubulin subunit andabove, we re-evaluated the organization of oocyte mi-
crotubules using a refined immunolabeling and confocal reveal total microtubule polymer. While specialized po-
Cell
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and specific movement to a very limited region of the
anterior cortex (Figure 7a). In the remaining examples
(8 of 23), the injected mRNA moved to anterior and lateral
regions of the oocyte (not shown). In contrast to direct
mRNA injection, exclusive movement to the lateral cor-
tex was never observed. Exposure to the nurse cell
cytoplasm thus appears to inhibit movement toward
lateral cortical regions, producing biased transport to
the anterior pole.
To determine the specificity of anterior localization
under these conditions, this transfer assay was used to
examine transport of bcd mRNA carrying a deletion of
BLE1, as well as full-length DP, E2F1, and osk mRNAs.
In all cases, exposure of these transcripts to nurse cell
cytoplasm failed to confer anterior-specific transport in
the oocyte, and these mRNAs simply dispersed in the
ooplasm (not shown). Anterior localization of full-length
bcd mRNA was also blocked when the host oocyte was
treated with colcemid or colchicine, indicating that polar
transport in the oocyte is mediated by microtubules (not
shown). Neither polar nor nonpolar cortical localization
was observed when bcd RNA was injected into exu
mutant nurse cells, withdrawn, and re-injected into exu
mutant oocytes (Figures 7b–b). Transport to the anteriorFigure 6. Organization of the Oocyte Microtubule Cytoskeleton
pole following exposure to the nurse cell cytoplasm is(a and b) Wild-type stage 9 egg chambers were fixed and stained
therefore specific to bcd mRNA, requires Exu protein,with FITC-conjugated anti--tubulin antibody (see Experimental
and is mediated by microtubules.Procedures). A somewhat higher level of microtubule polymer is
found associated with the anterior cortical region relative to the To determine where Exu function is required within
remainder of the oocyte cortex. However, microtubule ends are the nurse cell-oocyte complex, bcd RNA was injected
clearly associated with all cortical regions except the extreme poste- into wild-type nurse cells, withdrawn, and injected into
rior pole. Higher magnification views of lateral cortical regions show
exu mutant oocytes. The resulting pre-assembled parti-end-on interactions of individual microtubules with the cortex
cles displayed rapid and efficient transport specifically(arrows in [b]). In addition, microtubules within the interior of the
to the anterior pole (Figures 7c–c). This behavior wasoocyte show no consistent anterior-posterior alignment. To confirm
these observations, egg chambers expressing GFP-tubulin were essentially indistinguishable from that of bcd mRNA in-
examined live (c), or after fixation (d). These observations, and earlier jected into wild-type nurse cells and then transferred to
in vivo studies of oocytes injected with rhodamine-tubulin (Theur- wild-type oocytes (Figures 7a–a). By contrast, when
kauf, 1994b), confirm that the oocyte microtubule cytoskeleton lacks
bcd mRNA was injected into exu mutant nurse cellsclear anterior-posterior asymmetry. OO, oocyte; nc, nurse cell; fc,
and then transferred to a wild-type oocyte, the pre-follicle cell; AM, anterior margin; P, posterior. Bars are 20 m.
assembled bcd RNA particles moved to the closest cor-
tical region and did not show specific anterior localiza-
tion (Figures 7d–d). These observations indicate thatlarized subpopulations of microtubules could exist (see
Exu protein is required in the nurse cells for polar bcdbelow), these observations indicate that the “bulk” oo-
RNA localization following transfer to the oocyte.cyte microtubule cytoskeleton lacks sufficient asymme-
An intact microtubule cytoskeleton is essential to re-try to specify the anterior pole.
cruitment of Exu protein to bcd mRNA particles within
the nurse cells, and to anterior localization of endoge-Nurse Cells Contain an Anterior Localization Factor
nous bcd mRNA (Figure 4c). To determine if intact nurseThe above observations suggested two alternative
cell microtubules are required for polar transport in themechanisms for anterior-specific localization of bcd
oocyte, bcd mRNA was injected into nurse cells isolatedmRNA within the oocyte. (1) A nonpolar oocyte transport
from females fed the microtubule-depolymerizing drugsystem moves bcd to the nearest cortical surface. How-
colcemid (see Experimental Procedures). The mRNAever, passage through the ring canals, which are located
was then withdrawn and injected into oocytes isolatedat the anterior pole, delivers bcd mRNA to the anterior
from control flies. Colcemid is subject to photo inactiva-portion of this system, leading to anterior-specific local-
tion, and UV light was used to inactivate any residualization. (2) bcd mRNA associates with factors within
colcemid transferred to the oocyte with the RNA parti-the nurse cell cytoplasm or ring canals that allow polar
cles. Under these conditions, the injected mRNA showedtransport on a grossly nonpolar oocyte microtubule cy-
rapid nonpolar movement to the nearest cortical regiontoskeleton. To directly test for a “polar transport” factor,
of the oocyte (not shown) that was essentially identicalfluorescent bcd RNA was injected into nurse cells, parti-
to the movement of bcd RNA particles transferred fromcles were allowed to assemble, and these particles were
exu mutant nurse cells to wild-type oocytes (Figureswithdrawn with a micropipette and injected into the oo-
7d–d). Therefore, the nurse cells must contain both Exucyte of a different egg chamber (Figure 7a). Remarkably,
protein and a functional microtubule cytoskeleton toin the majority of these experiments (65%, 15 of 23), the
pre-assembled bcd RNA particles displayed efficient support assembly of bcd mRNA transport particles that
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will display polar transport to the anterior pole of the
oocyte.
Discussion
To directly analyze the transport processes that lead to
anterior axis specification, we have developed an assay
that allows visualization of bcd mRNA localization within
living egg chambers. In this assay, fluorescent deriva-
tives of bcd mRNA are injected into stage 8–10a egg
chambers, and the behavior of the injected material is
directly analyzed by time-lapse confocal microscopy.
On injection into nurse cells, fluorescent bcd mRNA as-
sembled into particles that were efficiently transported
through the ring canals to the oocyte, where they specifi-
cally localized to the anterior pole. This anterior localiza-
tion process depends on microtubules, the product of
the exu gene, and the bcd mRNA 3UTR. Furthermore,
the distribution of injected mRNA is strikingly similar
to the distribution of endogenous transcript, and mRNAs
that are not normally localized within the nurse cell-
oocyte complex fail to localize on microinjection. We
conclude that bcd mRNA localization in this assay is
mediated by the endogenous anterior localization ma-
chinery.
Our analysis of bcd mRNA behavior within the nurse
cells defines several distinct steps in the anterior local-
ization pathway (Figure 8). Within 30 s of injection, bcd
mRNA assembles into identifiable particles within the
nurse cell cytoplasm, and under control conditions,
these particles contain Exu protein and display rapid
microtubule-dependent movement (Figures 1, 3, and 4).
However, in the absence of microtubules, bcd mRNA
particles are formed, but these particles do not move
and do not recruit Exu protein (Figure 4). In the absence
of Exu, by contrast, bcd mRNA particles form and move
to the oocyte. bcd mRNA particle formation, microtu-
bule-dependent particle movement in the nurse cells,
and microtubule-dependent recruitment of Exu protein
to the mRNA particles are therefore mechanistically sep-
arable steps in the anterior localization process.
While Exu is not required for bcd mRNA particle as-Figure 7. bcd RNA Particle Assembled in the Nurse Cells Are Effi-
sembly or movement to the oocyte, exu mutants blockciently Transported to the Anterior Pole
bcd mRNA movement to the anterior cortex following(a–a) bcd RNA was injected into a wild-type nurse cell, allowed to
transfer through the ring canals to the oocyte. Exu isform particles (following 20 to 30 s incubation), and then withdrawn
and re-injected into the oocyte of a neighboring egg chamber. Fol- therefore specifically required following bcd mRNA pas-
lowing injection into the oocyte, bcd RNA particles initiated move- sage through the ring canals into the oocyte (Figure 4).
ments directed toward the anterior cortex. 1800 s after injection, The generally accepted model for anterior axis specifi-
most of bcd RNA had localized to the anterior cortex. This is in cation postulates that bcd mRNA entering the oocytestriking contrast to the behavior of purified mRNA, which shows
encounters a highly polarized oocyte microtubule scaf-rapid movement to the nearest cortical surface.
fold that directs transport specifically to the anterior(b–b) When bcd RNA is injected into exuVL mutant nurse cells and
then transferred to an exuVL oocyte, the resulting RNA dispersed cortex (Clark et al., 1994; Cooley and Theurkauf, 1994;
and did not localize to the anterior pole. Gonzalez-Reyes et al., 1995; Hays and Karess, 2000;
(c–c) When bcd RNA was injected into wild-type nurse and trans- Theurkauf et al., 1992). The primary functional evidence
ferred to an exuVL oocyte, the injected bcd RNA particles localized for a highly polarized microtubule scaffold within thespecifically to the anterior cortex through a process that appeared
oocyte comes from analyses of microtubule motor fu-indistinguishable from wild-type.
sion proteins. A fusion of -galactosidase and the Nod(d–d) By contrast, when labeled bcd RNA was injected into an exuVL
nurse cell and then transferred to a wild-type oocyte, the RNA exhib- kinesin-like protein localizes to a narrow region of the
ited nonpolar movement to the nearest cortex region. Similar results
are obtained when RNA is injected into nurse cells treated with
microtubule-depolymerizing drugs, and then transferred to control
oocytes with an intact microtubule cytoskeleton (not shown). Forma- oriented with the anterior pole left. QuickTime movies of this time-
tion of fully functional bcd mRNA transport complexes thus requires lapse data can be obtained through the Cell website (http://www.
Exu protein and microtubules within the nurse cells. All oocytes are cell.com/cgi/content/full/106/1/35/DC1). Scale bars are 25 m.
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Figure 8. A Revised Model for Microtubule-
Dependent bcd mRNA Localization
Within the nurse cell cytoplasm, bcd RNA
forms particles (red) through a microtubule-
and Exu-independent process. Microtubules
then mediate the association of Exu protein
(yellow) and at least one additional factor to
form mature transport complexes (step 1,
green). These particles are transported to the
ring canals along microtubules originating
near the cell-cell junctions (step 2), and pass
through these junctions by a microtubule-
independent process (step 3, see Theurkauf
and Hazelrigg, 1998). Mature RNA particles
entering the oocyte encounter a dense net-
work of microtubules that are organized by
most of the oocyte cortex (step 3), but are
preferentially transported along a subset of
microtubules (red) originating at the anterior
cortex (step 4). By contrast, bcd mRNA parti-
cles that have not passed through the nurse
cell cytoplasm (red, asterisk) are transported
on all oocyte microtubules to produce a non-
polar cortical distribution.
anterior cortex (Clark et al., 1997), and a kinesin--galac- midzone microtubules serve distinct functions and con-
tain different associated proteins, and interphase cellstosidase fusion localizes to a restricted region of the
posterior pole (Clark et al., 1994). While these observa- often contain microtubules that differ in stability and post-
translational tubulin modification (Rickard and Kreis,tions are indirect, they are consistent with the finding
that microtubule inhibitors disrupt localization of bcd 1996; Waters and Salmon, 1997; Bulinski and Gund-
ersen, 1991). We therefore speculate that microtubulesand osk mRNA to the oocyte poles (Clark et al., 1994;
Pokrywka, 1995; Pokrywka and Stephenson, 1991, originating at the anterior cortex are biochemically or
structurally distinct from microtubules originating at the1995). However, previous studies and the improved cy-
tological analyses reported here reveal an oocyte micro- lateral cortex, and that a nurse cell factor promotes
movement along the anterior microtubule subpopula-tubule network, as assayed with probes for total tubulin
polymer, that lacks clear anterior-posterior asymmetry tion, or blocks movement along microtubules directed
toward the lateral cortex (Figure 8).(Theurkauf, 1994b; Theurkauf et al., 1992) (Figure 6).
Furthermore, bcd mRNA injected directly into the oocyte The hypothesized nurse cell polarity factor remains
to be identified, although the Exu protein appears to beshows microtubule-dependent movement to essentially
all cortical surfaces (Figure 5). These structural and func- a component of this factor. When bcd mRNA is injected
into nurse cells lacking Exu protein and then transferredtional studies provide strong evidence that the bulk oo-
cyte microtubule cytoskeleton lacks sufficient polarity to wild-type, nonpolar bcd mRNA transport to the near-
est cortical surface is observed (Figure 7). Furthermore,to specify the anterior pole.
The observations reported here begin to reconcile microtubules are essential to Exu protein association
with bcd mRNA particles in the nurse cells, and disrup-the lack of cytological asymmetry in the microtubule
cytoskeleton with evidence for microtubule-dependent tion of nurse cell microtubules blocks polar bcd mRNA
transport following transfer to the oocyte (Figure 8).axis specification. As described above, bcd mRNA in-
jected directly into the oocyte reveals a nonpolar micro- However, Exu is present in the oocyte and mediates
nonpolar bcd mRNA cortical transport when transcripttubule-dependent cortical localization system, and cy-
tological analyses confirm a lack of polarity in bulk is injected directly into the oocyte (Figure 5). Therefore,
Exu alone is not sufficient to promote anterior-specificoocyte microtubules. However, when fluorescent bcd
mRNA was injected into the nurse cells and then with- localization. Instead, microtubules and Exu appear to
cooperate to recruit an additional nurse cell-specificdrawn and injected into a second oocyte, specific move-
ment to the anterior pole was observed (Figure 7). Fur- factor that is essential to anterior-specific transport in
the oocyte. This additional factor could be a microtubulethermore, this movement is dependent on microtubules.
Exposure of bcd mRNA to the nurse cell cytoplasm thus motor, or motor isoform, that preferentially utilizes mi-
crotubules originating at the anterior cortex. Confirma-allows polar transport on a cytologically nonpolar oocyte
microtubule scaffold. tion of this speculative model will require identification
of specialized subpopulations of oocyte microtubulesThe functional asymmetry within the oocyte microtu-
bule cytoskeleton is revealed by polar transport of bcd and characterization of the additional nurse cell factors
that allow bcd mRNA movement specifically to the ante-mRNA after passage through the nurse cells. Distinct
populations of anterior microtubules that could mediate rior cortex. Presumably, these additional factors associ-
ate with bcd mRNA only when both microtubules andthis transport process have not been identified. How-
ever, biochemically and functionally distinct populations Exu protein are present.
Microtubules are also required for posterior pat-of microtubules are common in somatic cells. During
mitosis, for example, astral microtubules and spindle terning, and conventional kinesin, a well-characterized
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To assay the requirement of microtubules in bcd mRNA localiza-plus-end directed motor, is required for osk mRNA accu-
tion, the microtubule-depolymerizing agent colcemid (50g/ml) wasmulation at the posterior pole (Brendza et al., 2000).
either injected directly into the egg chamber with RNA or mixedKinesin could mediate osk mRNA transport to the poste-
with yeast paste and fed to flies for 8–10 hr (Theurkauf and Hazelrigg,
rior pole along the functionally specialized subset of 1998). Colcemid was inactivated by UV irradiation for 5–10 s, which
microtubules proposed to direct bcd mRNA to the ante- allowed microtubule repolymerization (Theurkauf and Hazelrigg,
1998).rior pole. However, previous studies show that posterior
localization of osk RNA, following injection into the cen-
Fluorescent In Situ Hybridizationter of stage 9 to 10b oocytes, is unaffected by microtu-
Egg chambers were isolated and fixed as described previouslybule disruption (Glotzer et al., 1997). Our finding that
(Theurkauf, 1994a). Fixed egg chambers were then extracted withmicrotubules are required for Exu and bcd mRNA coas-
1% Triton X-100 in PBS for 2 hr at room temperature. In situ hybrid-
sembly raises the possibility that assembly of osk mRNA ization was performed according to Tautz and Pfeifle (1989), omitting
transport particles requires microtubules and kinesin. Proteinase K treatment. Fluorescent RNA probes were transcribed
in vitro using fluorescein RNA labeling mix and RNA labeling kitSubsequent localization to the posterior pole could be
(Roche) following the manufacturer’s instructions. Egg chambersmicrotubule indepependent. Consistent with this specu-
were prehybridized for 1 hr at 60	C in prehybridization buffer andlation, kinesin mutants disrupt assembly of Staufen par-
then hybridized overnight with fluorescently labeled RNA probe atticles within the oocyte (Brendza et al., 2000). Additional
60	C. After several rinses with PBT (PBS plus 0.1% Tween 20), egg
in vivo analyses of osk mRNA behavior should allow chambers were incubated for 2 hr at room temperature or overnight
direct tests of these alternative models, and provide at 4	C with Alexa 488-conjugated anti-fluorescein IgG (Molecular
Probes), which had been pre-absorbed to fixed wild-type embryos,additional insights into the role of microtubules in ante-
to enhance fluorescent signal. Egg chambers were dehydrated inrior-posterior axis specification.
100% methanol for at least 10 min, and cleared and mounted in 1:2
mixture of benzyl alcohol and benzyl benzoate (Theurkauf, 1994a).Experimental Procedures
Samples were examined with Leica confocal laser scanning mi-
croscopy.Fly Stocks
exuVL, exuSC, swa1, swa99, staury, and stau1 mutant flies were obtained
Immunofluorescence Analysis of Microtubule Organizationfrom the Bloomington stock center. Oregon R flies were used as
Egg chambers were prepared for immunofluorescence microscopywild-type. For microinjection, egg chambers were isolated from
as described previously (Theurkauf, 1994a). To label microtubules,exuVL/exuVL, exuSC/exuVL, swa1/swa1, swa99/swa99, swa99/swa1, stau1/
fixed egg chambers were then incubated overnight at 4	C with fluo-stau1, and exuSco2/exuSco2; P[Cas, NGE]3/ flies. exuSco2/exuSco2;
rescein-conjugated mouse monoclonal anti--tubulin (Sigma Chem-P[Cas, NGE]3/ flies that express GFP-Exu fusion protein were
ical Co, St. Louis, MO) at 1:100 to 1:250 dilution. Labeled egg cham-kindly provided by Dr. T. Hazelrigg (Wang and Hazelrigg, 1994).
bers were then washed in four changes of PBS containing 0.05%
Triton X-100, dehydrated in 100% methanol, and mounted in benzylPreparation of Fluorescently Labeled RNAs
benozoate/benzyl alcohol clearing solution as described elsewhereFull-length bcd, E2F1, and DP RNAs were prepared by in vitro tran-
(Theurkauf, 1994a). Use of directly conjugated anti-tubulin antibodyscription of cDNA in pbcd (Salles et al., 1994), pBSK-dE2F1, and
coupled to clearing in benzyl benzoate/benzyl alcohol is essentialpBSK-DP plasmids (N. Dyson, Massachusetts General Hospital
to efficient labeling and imaging of germline microtubules.Cancer Center). bcd mRNA lacking the BLE1 and the polyadenyla-
Microtubule organization of the oocytes expressing GFP-tubulintion signal was synthesized from pbcd digested with XmnI. For
(Grieder et al., 2000) was examined either live or after fixation (Theur-transcripts containing BLE1, but lacking the polyadenylation signal,
kauf, 1994a). Fixed egg chambers were washed several times inmRNA was synthesized from pbcd digested with HindIII.
PBT and mounted on 90% glycerol in PBS.5 capped sense RNA was synthesized using the mMESSAGE
mMACHINE kit (Ambion) following the manufacturer’s instructions.
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